Introduction {#Sec1}
============

As a panel size has been changed to large scale screen size in the active-matrix flat panel displays, many researchers have investigated in transparent metal oxide semiconductors instead of amorphous silicon because of their high mobility and low synthesis temperature (\~250 °C)^[@CR1]--[@CR3]^. In particular, amorphous indium-gallium-zinc oxide (a-IGZO) have been suggested for a future active material, which shows superior charge mobility and threshold gate swing (\~0.083 V/decade)^[@CR4]^. In addition, a-IGZO based thin film transistors (TFTs) have attracted more attention due to its transparent optical properties and convenient synthesis methods at low temperature with reasonable cost^[@CR5]^.

In display industry, the top gate TFT method has been widely used for the process architecture to create liquid crystal display (LCD) and organic light emitting diode (OLED)^[@CR6],[@CR7]^. Top gate method has an advantage to increase an aspect ratio compared to the bottom gate method^[@CR8],[@CR9]^. However, in case of top gate method, it could not avoid that a-IGZO reacts with the light leakage originated from backlight in LCD display^[@CR10],[@CR11]^. IGZO has been known that the optical bandgap is E~g~ = 3.2 eV, which indicates that it could be activated on the condition of UV wave length less than 400 nm^[@CR12],[@CR13]^. Through the inevitable reaction with UV range in light leakage, the electrical properties and reliability tests for long term panel displays show considerable degradation of the performance^[@CR14]^. The attributions to degradation of the electrical properties are trapping of holes created by photo-generation and instability in the interface between a-IGZO and dielectric materials^[@CR15]^.

Recently, a few research groups have focused on metal based photo blocking layers for a-IGZO films^[@CR16]--[@CR18]^. Although the metal based photo blocking layers prevent the reaction of a-IGZO films from the backlight, the performance of the a-IGZO TFTs is decreased due to the increased cap size between metal and IGZO. In addition, the high power consumption is also needed to increase the brightness of a backlight for the purpose of keeping the brightness of screen^[@CR19],[@CR20]^. Therefore, the demand for the photo blocking layers composed of new materials different from conventional metal layers is continuously raised in display industry.

In this study, we suggest the silicon-germanium (Si-Ge) films as the photo-blocking layers in a-IGZO based TFTs. According to preceding research, ultraviolet (UV) absorbance is increased in the Si-Ge alloy which have more Ge ratio than Si ratio^[@CR21]^. However, the difference of UV absorbance depending on components ratio is not enough to satisfy the absorbance condition for a photo blocking layer. In order to find better results, we controlled the thickness of the Si-Ge films which have fixed component ratio (Si:Ge = 1:1). It was found that TFTs with Si-Ge photo blocking layers preserved the initial value including mobility and threshold voltage (V~th~) without any oxidation or chemical damages under the light illumination.

Results {#Sec2}
=======

The Si-Ge films were synthesized on glass substrates coated by silicon oxide by plasma-enhanced chemical vapor deposition (PECVD). Without the silicon oxide, it is difficult to directly grow the Si-Ge films on the glass substrate. Fig. [1a](#Fig1){ref-type="fig"} shows a schematic illustration of the structure of a-IGZO TFTs passivated by the Si-Ge photo-blocking layers with the top gate and electrode contact. Silicon Nitride buffer layers were deposited on the Si-Ge layers for dielectric materials. The synthesis method is more explained in following experimental synthesis parts. Fig. [1b](#Fig1){ref-type="fig"} is the side image of the structure of a-IGZO TFTs measured by scanning electron microscopy (SEM). We confirmed that uniform Si-Ge films were placed among the two oxide based dielectric layers without any externally damage to overall structure.Figure 1Entire structure of a-IGZO based display passivated by photo blocking layer. (**a**) Schematic illustration of the Si-Ge photo blocking layer for industrial a-IGZO TFT degradation. (**b**) Side view SEM image of a-IGZO TFT passivated by the Si-Ge films.

The crystallinity of the Si-Ge films synthesized by PECVD was investigated by X-ray diffraction measurements (XRD). As shown in Fig. [2a](#Fig2){ref-type="fig"}, the XRD patterns of the Si-Ge films exhibit conventional cubic phase similar to that of bulk silicon (JCPDS No. 27--1402). Reflections of the Ge phase are imperceptible in the XRD patterns, suggesting that Ge exists as a solid solution^[@CR22]^. The formation of the Si-Ge bonding is more clearly explained by Raman spectrum as shown in Fig. [2b](#Fig2){ref-type="fig"}. The Raman peaks at 510, 405 and 295 cm^−1^ from Si-Si, Si-Ge and Ge-Ge bonding, respectively, are observed. In particular, the additional Raman peaks between 420 and 470 cm^−1^, which are the vibrational modes of Si super lattice, are measured. These vibrational modes which are composed of localized Si-Si optical modes whose frequencies are lowered because of the larger mass of adjacent Ge atoms^[@CR23]^. X-ray photoelectron spectroscopy (XPS) also demonstrates chemical composition and surface oxidation of the Si-Ge films. The Si 2p and the Ge 3d peaks obtained from XPS could be ascribed to elemental Si and Ge, as shown in Fig. [2c,d](#Fig2){ref-type="fig"}. Owing to slight surface oxidation, weak peaks related oxygen are also detected around 101.5 eV at Fig. [2c](#Fig2){ref-type="fig"} and 33 eV at Fig. [3d](#Fig3){ref-type="fig"}, respectively. These characterizations summarize that the elemental phases are originated from Si and Ge elements and their bonding.Figure 2Material characterization of the Si-Ge photo blocking layers. (**a**) XRD patterns of the Si-Ge films. (**b**) Raman spectra of the Si-Ge photo blocking layers compared with a bulk Si. XPS spectra of the Si-Ge films showing signals of (**c**) Si 2p and (**d**) Ge 3d.Figure 3UV-Vis spectrum analysis of the Si-Ge films. (**a**) UV-Vis spectrum according to the thickness of the Si-Ge films. (**b**) UV absorbance of the Si-Ge films at 450 nm.

Figure [3a](#Fig3){ref-type="fig"} shows the ultra violet -- visible (UV-Vis) spectrum according to the thickness of the Si-Ge compounds. The UV absorbance peak was gradually shifted in which direction increasing the thickness of Si-Ge layers according above the equation. In particular, we confirmed the UV absorbance at 450 nm more detail, which the a-IGZO react with actively (Fig. [3b](#Fig3){ref-type="fig"})^[@CR24]^. Photo blocking effect is also proportional to the thickness like as other wavelength. Therefore, it is clear that the higher thickness of Si-Ge compounds has good blocking effects, thereby offering a possibility for superior photo blocking layers in a-IGZO based displays.

Although the higher thickness of the Si-Ge films has outstanding UV absorbance, the electrical superiority is inversely proportional to the thickness. Figure [4a](#Fig4){ref-type="fig"} shows the threshold voltage (V~th~) is negatively shifted depending on the thickness of the Si-Ge films at dielectric buffer layers 300 nm. (Supplementary Fig. [S1](#MOESM1){ref-type="media"}) The more charge carrier density, so called free electrons, are accumulated in the Si-Ge films as the thickness of the Si-Ge films is increased. The accumulated electrons make the Si-Ge films more conductive, thus making it a kind of capacitance with a-IGZO. Eventually this accumulated charge carriers cause the a-IGZO channel to shut off while generating tunnelling effects to the Si-Ge layers. Therefore, we optimize the thickness of Si-Ge compounds without any tunnelling effects. In addition, the thickness of the silicon nitride buffer layers could also give rise to the performance of the a-IGZO TFTs, as shown in Fig. [4](#Fig4){ref-type="fig"}. (Supplementary Fig. [S2](#MOESM1){ref-type="media"}) The more deposition of dielectric materials results in the improved efficiency of TFTs due to the decrease in capacitance^[@CR25],[@CR26]^. However, too high thickness of buffer layers lead to surface instability, which makes post processes to fabricate the TFTs very difficult. Hence, we selected the heights of the Si-Ge films and the silicon nitride buffer layers to 300 nm and 200 nm, respectively for achieving maximum TFT efficiency. Figure [4c](#Fig4){ref-type="fig"} shows the evolution of the transfer curves (drain current versus gate voltage) as a function of light illumination time. The a-IGZO TFTs show very good electrical properties with mobility above 10 cm^2^ V^−1^ s^−1^ and on/off ratio of \~10^8^ under darkness condition. Upon the exposure of the a-IGZO TFTs to light illumination, the V~th~ is negatively shifted (\>10 V). In contrast, the a-IGZO TFTs passivated by the Si-Ge photo blocking layers show no change in electrical properties during the light illumination, as shown in Fig. [4d](#Fig4){ref-type="fig"}. This result suggests a superior possibility of the Si-Ge films as a photo blocking layers for the a-IGZO based industrial display field under light illumination.Figure 4Electrical characteristics of the a-IGZO TFTs. (**a**) Transfer Characteristics depending on the thickness of the Si-Ge films at dielectric buffer layers 300 nm. (**b**) Transfer Characteristics depending on the thickness of the dielectric buffer layers at the Si-Ge films 200 nm. Representative electrical properties of a-IGZO TFTs (**c**) without and (**d**) with the Si-Ge based photo blocking layers.

In order to obtain more information of electrical properties on the a-IGZO TFTs passivated by the Si-Ge photo-blocking layers, the effect of light stress time on the change of V~th~ and electron mobility was investigated in detail. The V~th~ changes without and with the Si-Ge passivation layer to the light illumination condition are compared, as shown in Fig. [5a](#Fig5){ref-type="fig"}. By applying 10 V gate voltage, V~th~ of pristine a-IGZO is largely negatively shifted (\~15 V at 1000 sec) in the direction with increasing the light stress time, while that of the Si-Ge passivated a-IGZO persists similar value compared with initial value. Furthermore, the electron mobility of the a-IGZO TFTs passivated by the Si-Ge layers shows no change under the light stress time, as shown in Fig. [5b](#Fig5){ref-type="fig"}. Therefore, the V~th~ shift and electron mobility are greatly dependent on the existence of the Si-Ge photo-blocking layers.Figure 5Vth and mobility of a-IGZO TFTs passivated by the Si-Ge films depending on the light stress time. (**a**) Vth change of a-IGZO TFTs passivated by the Si-Ge photo-blocking layers as a function of the light illumination compared with pristine a-IGZO. (**b**) Electron mobility change of a-IGZO TFTs passivated by the Si-Ge photo-blocking layers depending on light stress time.

Discussion {#Sec3}
==========

In conclusion, we synthesized the Si-Ge films by PECVD and investigated the effects of the photo blocking Si-Ge layers on the electrical properties of a-IGZO semiconductors. Although the thicker Si-Ge films shows stronger the light absorbance, the electrical performance of a-IGZO TFTs is inversely proportional to the thickness of the Si-Ge films because of accumulated free electrons. The thickness of the dielectric buffer layers changes the charge capacitance and surface instability of the TFTs, which also considerably affects the device performance. Therefore, we optimize the thicknesses of the Si-Ge films (\~200 nm) and the buffer layers (\~300 nm). After up to 1,000 s exposure to light, the V~th~ and electron mobility of the a-IGZO TFTs passivated by the Si-Ge photo-blocking layers were unchanged. Considering the simple fabrication process by PECVD with outstanding scalability, we expect that this method can be widely applied to various metal-oxide TFT devices that are sensitive to light illumination.

Methods {#Sec4}
=======

Synthesis {#Sec5}
---------

Using plasma enhanced chemical vapour deposition (PECVD), the 100 nm SiO~2~ layers were deposited on a glass substrate for the efficient synthesis of the Si-Ge films. The SiO~2~/glass substrate was placed on a quartz flat inside of 4-inch quartz tube. The Si-Ge films were synthesized on SiO~2~/glass substrates through the PECVD method, using silane (10 sccm) and germane (10 sccm) with vacuum pumping at 370 °C at initial low vacuum (\~25 mTorr). After 5\~10 min of direct exposure to the plasma (100 W) at that temperature, a large-area Si-Ge films formed on the SiO~2~/glass substrate. Then, silicon nitride buffer layers also deposited on the substrate using PECVD with same method above.

Characterization {#Sec6}
----------------

The entire structure was investigated by field-emission scanning electron microscopy (FESEM, AURIGA Carl Zeiss). The crystal phases were collected using an X-ray diffractometer (D8-Advance, Bruker Miller Co.) with Cu Ka1 irradiation. The Raman spectra were obtained by a Raman spectrometer (RM 1000-Invia, Renishaw, 514 nm). Structure bonding in the structure is analysed by XPS carried out with a KRATOS AXIS-His model in Research Institute of Advanced materials. The electrical properties were measured by Agilent 2602.

Electronic supplementary material
=================================

 {#Sec7}

Supplementary Information

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Su Hyoung Kang and Sangmin Kang contributed equally.

Electronic supplementary material
=================================

**Supplementary information** accompanies this paper at 10.1038/s41598-018-35222-9.

This research was supported by Research Institute of Advanced materials in Seoul national university, by the Inter-University Semiconductor Research Centre (ISRC) at Seoul National University and by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology, the Ministry of Science, ICT and Future Planning.

S.H.K. and S.K., who contributed equally to this work. B.H.H. conceived and supervised the project. S.H.K. and S.K. led the project. B.H.H., S.H.K., S.K. and S.C.P. wrote the manuscript. J.B.P. carried out SEM imaging and analysis. S.H.K., S.K. and J.Y.J. synthesized materials and assisted on materials characterization.

Competing Interests {#FPar1}
===================

The authors declare no competing interests.
